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a b s t r a c t

In this review, we present our recent work on making struc-
tured metals transparent for broadband electromagnetic waves
and acoustic waves via excitation of surface waves. First, we theo-
retically show that one-dimensional metallic gratings can become
transparent and completely antireflective for extremely broad-
band electromagnetic waves by relying on surface plasmons or
spoof surface plasmons. Second, we experimentally demonstrate
that metallic gratings with narrow slits are highly transparent
for broadband terahertz waves at oblique incidence and high
transmission efficiency is insensitive to the metal thickness. Fur-
ther, we significantly develop oblique metal gratings transpar-
ent for broadband electromagnetic waves (including optical waves
and terahertz ones) under normal incidence. In the third, we
find the principles of broadband transparency for structured met-
als can be extended from one-dimensional metallic gratings to
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two-dimensional cases. Moreover, similar phenomena are found
in sonic artificially metallic structures, which present the trans-
parency for broadband acoustic waves. These investigations pro-
vide guidelines to develop many novel materials and devices, such
as transparent conducting panels, antireflective solar cells, and
other broadband metamaterials and stealth technologies.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Making metals transparent for white light, which could achieve various fascinating applications in
optoelectronics, has been expected for a long period. Bulk metals are naturally opaque to light due
to the large index mismatch between metals and dielectrics. In recent years, by introducing artificial
structures, it becomes possible to achieve transparent metals beyond their natural characteristics. For
example, it has been found that surface plasmons (SPs) [1] or spoof surface plasmons (SSPs) [2] on the
surface of structured metal can lead to extraordinary optical transmission [3–7]. Moreover, continu-
ous (apertureless) metal films can become transparent due to the scattering cancellation mechanism
[8,9]. Besides, electromagnetically induced transparency [10–12] can be realized by introducingmeta-
materials [13–25], which are constructed by metallic micro- and nano-structures. However, due to
the underlying resonance mechanisms, all of these transparency phenomena occur only within very
narrow frequency band, and the transmission efficiency is usually low for thick materials.

Fortunately, in 2010 we theoretically found for the first time [26] and later experimentally
demonstrated [27] that metallic gratings can be made transparent for extremely broadband
electromagnetic waves under oblique incidence. This unusual phenomenon can be understood
either by our non-resonant excitation mechanism of SPs or SSPs on microscopic level [26–29] or
by the anomalous impedance-matching mechanism from Alú’s group [30–32]. For technological
applications the oblique incidence geometry is inconvenient. To solve this problem, we have
developed oblique metal gratings to achieve broadband transparence at normal incidence [26,27,33].
Besides, adiabatically tapered slits have been proposed to widen the angular range of incidence [34].
These structured metal microstructures have presented significant transparency and can be applied
for conducting panels [9,35,36], white-beam polarizers [37], anti-reflective solar cells [28,38], etc.

Metallic gratings can also become completely transparent for acoustic waves [39,40]. Since
acoustic waves are longitudinal waves without polarization, we may achieve white-beam full
transmission and antireflection. Thismay openup anew field for various novel applications of acoustic
gratings, including extraordinary acoustic transmission (EAT) [41], sub-wavelength sonic imaging and
screening [42,43], grating interferometry, antireflection cloaking, Talbot effect-based phase contrast
imaging [44], crack detection, and various other acoustic device applications.

In this review,we present our recentwork onmaking structuredmetals transparent for broadband
electromagnetic waves and acoustic waves via excitation of surface waves. We theoretically and
experimentally show that one-dimensional (1D) and two-dimensional (2D) metallic gratings can
become transparent and completely antireflective for extremely broadband electromagnetic waves
by relying on surface plasmons or spoof surface plasmons. Similar phenomena are found in sonic
artificially metallic structures, which present broadband transparency for acoustic waves. And a brief
perspective on future work is also given. The investigations provide guidelines to develop novel
broadband electromagnetic and sonic materials and devices.

2. Making one-dimensional metallic grating transparent for ultrabroadband electromagnetic
waves

In this section, we show that one-dimensional metallic gratings can become transparent and
completely antireflective for extremely broadband electromagnetic waves under oblique incidence
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Fig. 1. (a) Schematic of the one-dimensional metal grating. Transmission spectra of a gold grating with d = 2 µm and
W = 0.2 µm when TM polarization: (b) transmission for normal and 60° incidence, (c) maximized and flat transmission
at θ = 84°, (d) transmission for extremely grazing geometry.
Source: Partially adapted from [26].

when transverse magnetic polarization [26,27]. This unusual finding can be successfully explained by
non-resonant excitation mechanism of SPs or SSPs on microscopic level [26]. It is known that SPs and
SSPs are widely used in the fields such as surface-enhanced Raman scattering (SERS) [45], filters and
waveguides [46,47] and so on.

The simple one-dimensional periodic slit arrays we studied is illustrated in Fig. 1(a) with d,W , and
τ denoting the grating period, the slit width, and the grating thickness, respectively. Fig. 1(b) shows
the calculated transmission curves computed by the rigorous coupled-wave analysis (RCWA) [48–50]
of a gold grating with the incident angle θ = 0° and θ = 60° at τ = 10 µm. The transmission peaks
are well known to be Fabry–Perot (FP) resonance peaks [4,48,51,52]. In Fig. 1(b), one can see that the
overall transmissivity T0 increases with increasing incident angle θ . When θ is further increased to
be around 84°, as shown in Fig. 1(c), it becomes more surprising that the FP peaks disappear and that
the transmission curve becomes nearly flat in the long wavelength range λ > d(1 + sin θ) ≈ 2d, the
grating becomes transparent for a white beam. In Fig. 1(d), when θ is further increased towards 90°,
T0 drops again with the FP peaks reappearing.

This ultrabroadband transparence can be understood from the microscopic mechanism of light
transmission through the slits with the assistance of free electron oscillation. For the scenario of
normal incidence and FP resonance,where the charge densities at the four corners reach themaximum
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Fig. 2. Light transmission through conducting gratings. (a) Normal incidence. (b) Oblique incidence under the flat transmission
condition.
Source: Partially adapted from [26].

as shown in Fig. 2(a). The incident electric field Ein drives the movement of free electrons on the top
surface AB to form an oscillating dipole Pa. Pa emits a wavelet inside the slit to form downward-
propagating SPs. When the SPs reach the bottom, the charge movement is discontinued at corners C
and D to form another oscillating dipole Pb. Thus, Pa and Pb eventually form FP resonance under the
condition Nλ ≈ 2τ , where N > 0 is an integer and λ is the wavelength of the incident light [26]. The
wavelets emitted from the periodic dipoles Pb along the forward direction to form the transmitted
beam. The FP resonance depends on the grating thickness.

For the oblique incidence, as illustrated in Fig. 2(b), the incident beam directly illuminates part of
the slit wall (BP), thus applies a vertical driving force eEw on the electrons on the slit wall (e denotes
the charge per electron). When the total forces exerted on AB and BP are balanced, the electrons can
move smoothly around corner B without charge accumulation. Then the charge waves formed on AB
and BP may propagate continuously on the unilluminated wall PD to the bottom. With this balanced-
force condition, the FP resonance does not occur and SP excitation occurs only on the active surface
AB and BP , resulting in strong light transmission through the slits [26]. The SPs can freely propagate
on the slit wall PD towards the bottom, which also gives the physical reasonwhy the flat transmission
process is insensitive to the grating thickness. By carrying out the detailed analytical analysis [26], we
find that the transmission efficiency reaches the maximum at the optimal incidence angle:

θf ≈ arctan (d/W − 1) . (1)

Besides, we would like to mention here that broadband transparency in metal gratings can also
be explained as an effective Brewster-like effect based on impedance matching [30]. When the light
illuminates the grating at critical incident angle, the effective impedance for the slit equals to the
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Fig. 3. Measurements and calculations of TM-polarization light transmission through a gold grating. (a) Optical image of
the grating with period d = 0.5 mm, slit width W = 0.15 mm, and thickness τ = 0.34 mm. The insert shows the cross
section. (b) Schematic of the experiment setup. EMT: THz emitter. DET: THz detector. The dashed-line box is a nitrogen purging
box. (c) Time-domain THz transmission signals for different incident angles. (d) Comparison of the measured and calculated
transmission spectra.
Source: Partially adapted from [27].

impedance in free space. Thus the anomalous matching condition is achieved at so-called effective
plasmonic Brewster angle [30]:

cos θB = (βsw)/(k0d), (2)

where βs and k0 are wave numbers in the slits and in the free space, respectively, w is slit width and d
is period. This anomalous impedance-matching phenomenon is independent of the grating thickness.

3. Experimental demonstration of one-dimensionalmetallic grating transparent for ultrabroad-
band terahertz waves

In this section, we experimentally show that one-dimensional metallic gratings can become
broadband transparence in the terahertz range [27], where the metals are highly conductive with
negligible Ohmic loss.

The optical image of a gold grating is shown in Fig. 3(a). The measurements are carried out with an
Ekspla THz real-time spectrometer, as schematically shown in Fig. 3(b). The time-domain signal E(t)
of the polychromatic terahertz pulse transmitted through the grating with different incident angles
θ are shown in Fig. 3(c). Obviously, the grating is partially transparent at all the incident angles, and
the signal amplitude increases as θ is approaching 68°. The transmittance spectra T0(λ) obtained from
Fig. 3(c) by Fourier transformation are shown in Fig. 3(d). For comparison, we show also in Fig. 3(d)
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Fig. 4. (a) Experimentally measured angular transmission spectra of the gold grating with period d = 0.5 mm, slit
width W = 0.15 mm, and thickness τ = 0.34 mm. The black dashed line indicates the maximum transmission angles.
(b) Experimentally measured dispersion map of this gold grating, black dotted lines represent light cone lines, white dotted
lines show the position of Wood’s anomaly. k// = 2π sin θ/λ is the in-plane wave vector, and kg = 2π/d is the reciprocal
lattice vector. Color bar shows the measured transmission intensity. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
Source: Partially adapted from [27].

the corresponding spectra calculated by the RCWA method. The calculated maximum transmittance
is nearly 100% due to the negligible Ohmic absorption of the grating. The measured maximum
transmittance is about 83% which could be caused by the imperfections of the grating. Despite of the
attenuation of the strength, themajor features of themeasured spectra are in good agreementwith the
calculations as shown in Fig. 3(d). For normal incidence θ = 0°, the transmission peaks are known
as FP resonance peaks. Beyond the FP resonance ranges, the transmission is very low. For oblique
incidence, Fig. 3(d) shows that the long-wavelength transmission gradually increases as θ is increased.
For θ = 68°, the transmittance becomes nearly constant for λ > λWD1, λWD1(θ) = d(1 + sin θ) is
the wavelength where the first-order Wood’s anomaly occurs. The flat T0 curves have little change in
the range 67° < θ < 72°. The long-wavelength transmittance drops when θ > 75°. Therefore, the
angular range 67° < θ < 75° is the maximum and nearly flat transmission range for this grating,
which is close to the prediction of Eq. (1).

Bymeasuring the optical spectra of oblique incidence from θ = 0 to θ = 72°, we obtain the angular
transmission spectra and the dispersionmap of the gold grating as shown in Fig. 4. It is evident that the
maximum transmission appears around θ = 68°, as marked by the dashed lined in Fig. 4. Broadband
high transparency indeed occurs in the range 67° < θ < 72°. Therefore, we confirm the experiments
that metallic gratings become highly transparent for broadband long wavelengths larger than the
first-order Wood’s anomaly with oblique incidence [27].

Actually the 1D metallic gratings with extreme subwavelength slit arrays can also become
broadband transparence at microwave regime. Aközbek et al. [31] has experimentally found thick
aluminumgratings can exhibit ultrabroadband, nearly perfect transmission at the plasmonic Brewster
angle. They have demonstrated that the aluminumgratingwith period 3.6mm, slitwidth 400µm, and
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Fig. 5. (a) Schematic of the oblique metal grating. (b) Calculated normal-incidence (θ = 0°) transmission contour for oblique
metal gratings with different tilt angles φ. d = 305 µm, a = 200 µm, and h = 1.95 mm. The white dashed line shows the
optimal tilt angle determined by Eq. (2). The color bar shows the transmission intensity. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
Source: Partially adapted from [33].

thickness 2.54 cm can obtain high transmission at incident angle around 80°within 8–40 GHz, which
agrees well with Eqs. (1) and (2). By changing the filling ratio of the grating, the Brewster angle can
be tuned, and this ultrabroadband transparency effect is much more robust to losses and absorption
compared with lots of resonant mechanisms for anomalous transmission [31].

4. Obliquemetal gratings transparent for broadband electromagneticwaves at normal incidence

With the assistance of surface plasmons, metallic gratings can become non-dispersively transpar-
ent to broadband electromagnetic waves for oblique incidence. However, the oblique-incidence ge-
ometry may be inconvenient for technological applications. To solve this problem, we have employed
a obliquemetal grating achieving broadband transparency under normal incidence [27]. And Shen and
Maes [34] have proposed the linearly tapered metallic gratings, and successfully broadened the inci-
dent angle range. The tapering provides a gradual impedance variation from the entrance to the exit of
the slits, leading to broad-band andwide-angle enhanced transmission in the infrared. In this section,
we present the oblique metal grating achieving broadband transparency under normal incidence via
the transmission mapping measurements and direct terahertz imaging [33].

The tilt angle φ of the oblique metal gratings should be optimized first with the balanced-force
condition [26].When the light illuminates the obliquemetal grating illustrated in Fig. 5(a), the incident
electric field Ein drives the movement of free electrons on the top surface AB and part of the slit wall
BP , thus applying driving forces on the electrons to move on AB and BP . When the total forces exerted
on AB and BP are balanced FAB = FBP , the electrons can move smoothly around corner B without
charge accumulation. Then the charge waves formed on AB and BP may propagate continuously on
the unilluminated wall PD to the bottom, resulting in strong light transmission through the slits. The
optimal tilt angle φf can be expressed as [33]:

tanφf (1 + tan2 φf )/(1 + tanφf ) = a/d. (3)

Fig. 5(b) shows the calculated transmission spectra of the oblique metal gratings at normal incidence
with different tilt angleφ, where the grating period, the stripwidth, and the strip thickness are fixed as
d = 305 µm, a = 200 µm, and h = 1.95 mm, respectively. Obviously, high broadband transmission
indeed occurs through the gratings that have tilt angles around φf = 36°, and this optimal angle
agrees well with Eq. (3).
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Fig. 6. (a) Photograph of the normal steel grating without tilt (φ = 0°). Insert shows the cross section. (b) Calculated and
(c) measured transmission spectra of the sample in (a). (d) Photograph of the oblique steel grating with φ = 36°. (e) Calculated
and (f) measured transmission spectra of the sample in (d). The white dashed lines correspond to the first-order Wood’s
anomalies. Color bar shows the transmission intensity. d = 305 µm, a = 200 µm, and h = 1.95 mm. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
Source: Adapted from [33].

We have used steel gratings to experimentally verify the above results. In our experiments, the
gratings were assembled with steel strips. For comparison, we made two types of steel gratings
with tilt angles φ = 0° and 36°, respectively, as shown in Fig. 6(a) and (d). Fig. 6(c) and (f) show
the fine measurements of the optical transmission spectra for the incidence angle θ from −72° to
72° (with 1° step). For the normal grating (φ = 0°), the first-order Wood’s anomaly occurs at
fWD1(θ) = (c cosφ)/d(1 + sin θ), which is marked by the white dashed line in Fig. 6. Nearly flat
high transmission for frequency f < fWD1(θf ) can be observed when the incident angle is around
θf ≈ arctan[a/(d − a)] ≈ 62° [26]. Obviously, this large incident angle is inconvenient for practical
applications. As shown in Fig. 6(e) and (f), however, the oblique grating can achieve similar broadband
high transmission under the more favorable normal-incidence condition θ = 0°. For example, in
Fig. 6(e) and (f) the normal-incidence transmission of the oblique grating can reach 80% within the
wide band of 0.36–0.72 THz, which presents a nearly flat high transmission zone for the terahertz
waves. As mentioned above, within this zone, the FP resonance is significantly suppressed and the
average normal-incidence transmission intensity is obviously enhanced compared with that of the
normal grating.

The high broadband transmission of oblique gratings can also be directly visualized by terahertz
imaging techniques. As schematically shown in Fig. 7(a), our imaging experiments were carried
out with the THz real-time spectrometer. In our experiments, the objects for imaging are three
letters ‘‘N’’, ‘‘J’’, and ‘‘U’’ shown in Fig. 7(b), which were made from 0.2 mm-thick copper plates that
are completely opaque to the terahertz beam. We have collected the images of the objects in the
following cases. (i) No samples are before the objects. Fig. 7(c) shows the detected 2D images at
frequency f = 0.64 THz. Naturally, the images clearly show the three-letter pattern (‘‘NJU’’), where
dark-colored areas corresponds to low transmission and bright-colored areas to high transmission.
(ii) A homogeneous 0.2-thick copper plate as the sample is placed before the objects. The 2D images
are detected at the same frequency f = 0.64 THz (as shown in Fig. 7(d)). Obviously no patterns
are observed on the images because the terahertz pulse cannot transmit through the copper plate.
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Fig. 7. (a) Schematic of the THz imaging system. (b) Photograph of the objects for imaging. (c) Detected images with no
grating before the objects, f = 0.64 THz. (d) Blank images with a 0.2 mm-thick copper plate placed at the ‘‘Sample’’ position,
f = 0.64 THz. (e)–(g) Images recorded with an oblique steel grating (d = 305 µm, a = 200 µm, h = 1.95 mm, and φ = 36°)
at the ‘‘Sample’’ position for different frequencies: (e) f = 0.36 THz, (f) f = 0.64 THz, and (g) f = 0.72 THz. Color bar shows
the transmission intensity. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
Source: Adapted from [33].

(iii) Our oblique steel grating (φ = 36°) as the sample is placed before the objects. The 2D images are
detected at the frequency f = 0.36 THz, f = 0.64 THz, and f = 0.72 THz, respectively (as shown
in Figs. 7(e)–(g)). It is shown that the pattern ‘‘NJU’’ of the objects is displayed very well in all three
2D images. Therefore, the 2D images clearly reveal the broadband transparency feature of the oblique
metal gratings in the terahertz region.

5. Making two-dimensionalmetallic structures transparent for ultrabroadband electromagnetic
waves

In this section, we extend the principles of ultrabroadband transmission from one-dimensional
metallic gratings to the two-dimensional cases for both transverse-magnetic (TM) and transverse-
electric (TE) waves, where the 2D structures are periodic metallic cuboids on dielectric or
semiconductor substrates in the optical frequency range [28].

The 2D periodic metallic cuboids we studied is schematically shown in Fig. 8(a), where a TM
or TE wave is incident on the structure by an angle θ from the Z axis. A field-emission scanning-
electron microscope (SEM) image of one sample is shown in Fig. 8(b) with dx = dy = 450 nm,
wx = wy = 150 nm, and h = 100 nm. The experimentally measured transmission spectra under
different incidence angles are shown in Fig. 8(c) and (d). When the incident wave is TM polarized,
the first-order Wood’s anomaly along X direction is λWDx1(θ) = nsdx(1 + sin θ), which shifts from
d to 2d with increasing θ . The transmittivity increases from θ = 0° to θ = 64°, and then slightly
decreaseswhen θ further increases towards 90°. In particular, the transmission spectra becomenearly
flat at θ = 64° for long wavelengths λ > λWDx1, and the experimentally measured flat transmittivity
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Fig. 8. (a) Schematic of metallic cuboids on the glass substrate. (b) SEM image of the sample, dx = dy = 450 nm, wx =

wy = 150 nm, h = 100 nm, and ns = 1.47. The scale bar is 500 nm. Measured transmission spectra at different incidence
angles for (c) TM polarization and (d) TE polarization.
Source: Partially adapted from [28].

is nearly 80%. Therefore, the high ultrabroadband transmission in 2D periodic metallic cuboids for
λ > λWDx1 is similar to that of the 1D metallic gratings under oblique incidence [26,27].

For TE polarization, significant transmission still occurs in Fig. 8(d) for longwavelengthsλ > λWDx1.
This is different from 1D metallic gratings, where TE waves are almost completely reflected in the
long wavelength range. In Fig. 8(d), the transmission only slightly decreases with increasing θ from
0° to 90°. Therefore, the 2D periodic metallic cuboids are largely transparent also for TE waves in
a wide angular range. This is a remarkable advantage for applications to solar cells that require
transmission and antireflection of both TM and TE waves. These above experimental results are
confirmed by numerical calculations based on the finite-difference time-domain (FDTD) method [53]
with Lumerical FDTD Solution 8.0.1.

For different ratios of wx/dx along X axis, the maximum ultrabroadband transmission occurs
around different optimal incident angles (θm). The calculated and measured θ-dependent TM
transmission spectra with three different wx/dx ratios are shown in Fig. 9. The experimentally
observed optimal angles are θm = 68° in Fig. 9(d) for wx/dx = 0.25, θm = 62° in Fig. 9(e) for
wx/dx = 0.375, and θm = 56° in Fig. 9(f) for wx/dx = 0.5. Obviously, the angular ranges (areas) of
the incident angle corresponding to high ultrabroadband transmission broadenwhen the radiowx/dx
increases. For wx/dx = 0.5, significant transmission is observed in a wider angular range. Thus, we
have demonstrated that high transmission and low reflection of 2D metallic cuboids can be achieved
for both broad spectral bands and wide angular ranges.

In the following, we demonstrate that 2D periodic metallic cuboids can be used to design broad-
angle and ultrabroadband solar cells based on the above high transmission and antireflection effect.
Consider the structure of the solar cell in Fig. 10(a) that consists of three layers. On the top is a 2D
periodicmetallic cuboidsmade of aluminum. In themiddle is a 20 nm-thick silicon oxide layer in order
to avoid additional surface combination [38], belowwhich is the semi-infinite single crystalline silicon
layer acting as the absorber. In our design, the aluminum cuboids have the periods dx = dy = 160 nm,
the gap widths wx = wy = 80 nm, and the thickness h = 80 nm. The total quantum efficiency
enhancement [28] of this plasmonic solar cell can achieve 29.5%, which is even better than that of
the traditional silicon solar cell using dielectric λ/4 AR coating as shown in Fig. 10(b). To see more,
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Fig. 9. Calculated angular transmission spectra for TM polarization: (a) wx = wy = 80 nm, (b) wx = wy = 120 nm, and
(c) wx = wy = 160 nm. Experimentally measured angular transmission spectra for TM polarization: (d) wx = wy = 80 nm,
(e) wx = wy = 120 nm, and (f) wx = wy = 160 nm. The color bar shows the transmission intensity. Insets show the SEM
images of the corresponding samples. dx = dy = 320 nm, h = 100 nm, ns = 1.47. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
Source: Partially adapted from [28].
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Fig. 10. (a) Schematic of the plasmonic solar cell that consists of three layers. On the top is a two-dimensional periodicmetallic
cuboidsmade of (low-cost) aluminum. In themiddle is a 20 nm-thick silicon oxide layer, belowwhich is the semi-infinite single
crystalline silicon layer acting as the absorber. (b) The total quantum efficiency enhancement of three types of silicon solar
cells. S1 is the cell with 100 nm-thick SiO2 AR coating; S2 is the cell with 70 nm-thick SiNx AR coating; and S3 is the plasmonic
solar cell with 2D Al cuboids. (c) The ultimate quantum efficiency (QE) of the plasmonic solar cell for different polarizations.
(d) The ultimate QE enhancement for different polarizations. Here the parameters for 2D Al cuboids are dx = dy = 160 nm,
wx = wy = 80 nm, and h = 80 nm.
Source: Partially adapted from [28].
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Fig. 11. (a) A schematic picture of a metallic grating. (b) The optical image of an experimental steel grating, where the period
and the width of the slits are d = 4.5 mm and w = 1.4 mm, respectively, and the thickness of the grating is h = 2.76 mm.
(c) Transmission spectra of this grating sample at normal incidence θ = 0° and optimal incidence θ = 72°.
Source: Partially adapted from [39].

we calculated the ultimate quantum efficiency (QE) [54,55] of this plasmonic solar cell. The ultimate
QE in Fig. 10(c) is high within the wavelength range 400–1000 nm. For TM polarization, the ultimate
QE is greater than 84% in a wide angular range, and it only slightly decreases when θ is above 56°.
Here the ultimate QE value for TM polarization is better than that of TE polarization due to the higher
normalized absorbance in the semi-infinite single crystalline silicon layer, for unpolarized situation,
the ultimate QE remains around 80% in a wide angular range. As shown in Fig. 10(d), its angle-
dependent QE presents significant enhancement for all TM, TE, and unpolarized incident light, this
is due to the fact that 2D periodic metallic cuboids have the properties of wide-angle and broadband
antireflection.

6. Making metals transparent for ultrabroadband acoustic waves

In this section, we extend the transparence phenomena of structured metals for broadband
acousticwaves,we find thatmetallic gratings can also be transparent for acousticwaves under oblique
incidence within multiple frequency bands [39].

The sample we studied here is a 1D periodic steel grating as illustrated in Fig. 11(a). The optical
image of a experimental steel grating is shown in Fig. 11(b), the period of the slits and the aperture
size are d = 4.5 mm and w = 1.4 mm, respectively, and the thickness of the grating is h = 2.76 mm.
The transmission spectra were measured by an analysis package of the 3560C Brüel & Kjær Pulse
Sound and Vibration Analyzers [41]. Fig. 11(c) show the measured zero-order transmission spectra of
the gratingwith normal incidence θ = 0° and optimal incidence θ = 72°. For θ = 0°, at f = 46.8 kHz,
the arrowed maximum transmission peak corresponds to the well known FP resonance peak. For θ
increased to 72°, as show in Fig. 11(c), some interesting phenomena occur. The FP peaks disappear and
the transmission curve becomes nearly flat, especially in the low frequency region, the transmission
is nearly unit one and the grating is almost transparent for any frequency beam in that region. In high
frequencies, the transmission curve decreases but still keep ‘flat’ pattern. With our simulations, we
found that θf ∼ 72° is the critical incident angle with maximum and ‘‘flat’’ transmission for this steel
gating.

To demonstrate the actual wave propagations through the gating, we calculated the spatial
intensity distributions of the pressure field shown in Fig. 12(a) and (b). Though the transmissions of the
two cases are both high, the intensity distributions are obviously distinguished. For f = 47 kHz with
normal incidence, it is a typical FP resonant distribution. The intensity of the fields inside the gating is
much larger than the incidence and transmitted waves. However, for f = 34 kHz with 72° incidence,
the intensity of the field inside the apertures is in the same order of magnitudewith the incidence and
transmittedwaves. It is apparent that the high transmission is not attributed to a resonantmechanism.
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Fig. 12. The spatial intensity distribution of the pressure field (under periodic boundary) at high-transmission frequencies
under different incident angles: (a) Normal incidence (θ = 0°) at ω = 47 kHz; (b) the optimal incidence (θ = 72°) at
ω = 34 kHz. (c) The calculated angular transmission spectra of acoustic waves through the grating based on the RCWAmethod.
The white dashed lines indicate the optimal incident angle θf = 71.7°. The grating has the period of the slits d = 4.5 mm, the
width of the slit w = 1.4 mm, and the thickness h = 2.76 mm.
Source: Partially adapted from [39].

The phenomenon originates from acoustic impedance match between the effective impedance of the
grating and the impedance of air [39]. And high transmission in metal gratings happens at effective
acoustic Brewster angle as [39]

θB = cos−1(w/d). (4)

In Fig. 12(c), we show the calculated acoustic transmission spectra of the thin grating versus different
incident angles using this analysis model, the calculated acoustic Brewster angle θB equals to 71.7°,
which is indicated by dashed line. When incident angle is small, the dark red region in Fig. 12(c)
corresponds to the fundamental FP resonance peak, which has a small red shift with increasing
incident angle. With θ increased to the predicted acoustic Brewster angle, FP peak is covered up by a
broadband full transmission.

It is worthwhile to mention that D’Aguanno et al. [40] has found that not only 1D acoustic grating
can transparent for broadband acoustic waves under oblique incidence, but also 2D acoustic grating
has similar phenomenon, because sound waves are polarization independent which is different from
electromagnetic waves. This ultrabroadband transparence for an acoustic metamaterial occurs at
intromission angle [40], i.e., cos θI = S2/S1, where S2/S1 represent the percentage of the open area
of the screen. The nonresonant nature of the intromission tunneling separately arises at the entrance
and exit of the screen, implying that is very robust to absorption or energy extraction for harvesting
purposes within the apertures, and may be tailored to impedance match dissimilar media [40].

7. A brief perspective on future work

We have theoretically and experimentally shown that one-dimensional and two-dimensional
metallic gratings can become transparent and completely antireflective for extremely broadband
electromagnetic waves and acoustic waves. The physics underlying the transparency phenomena of
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electromagnetic and acoustic waves in structured metals may also shed new light on other waves,
such as spin waves, fluid waves and even matter waves, in relevant structured materials.

Making metals transparent can lead to a variety of applications, including broadband transparent
conducting panel, white-beam polarizers, antireflection materials, optical cloaking and stealth
technologies, etc. Current studies mainly focus on some specific metallic structures, further work
may extend to more complicated structural designing, and the state-of-the-art performance may
be achieved in optimized metallic microstructures. Moreover, the physical concept on achieving
broadband responses by relying on nonresonant mechanisms can further applied to develop other
broadband metamaterials and broadband optodevices.

8. Conclusion

In this paper, we have reviewed our recent works on making structured metals transparent for
broadband electromagnetic waves and acoustic waves. We have theoretically and experimentally
presented that 1D and 2D metallic gratings can become transparent and completely antireflective
for extremely broadband electromagnetic waves by relying on surface plasmons or spoof surface
plasmons, the high transmission efficiency is insensitive to the metal thickness [26–28]. Further, we
have significantly developed obliquemetal gratings transparent for broadband electromagneticwaves
(including optical waves and terahertz ones) under normal incidence [27,33]. Similar phenomena
have also been found in sonic artificially metallic structures, which present the transparency for
broadband acoustic waves [39]. The underlying physics broadens our understanding on interactions
between photons [56] together with phonons [57] andmicrostructures. And these investigations also
provide guidelines to develop many novel materials and devices, such as transparent conducting
panels, white-beam polarizers, antireflective solar cells, and other broadband metamaterials and
stealth technologies.
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